The ability of the root system of the poikilohydric plant Craterostigma plantagineum to survive dehydration was investigated. The data presented here reveal that the root system is capable of surviving dehydration, but shortly after rehydration the root system senesces. Two weeks after rehydration the growth of a complete new root system is initiated. During dehydration sucrose accumulates from 36 to a maximum of 111 mmol g ±1 DW in the roots. It is suggested that the accumulation of sucrose protects the root system during dehydration. There are major stores of stachyose in the roots of Craterostigma (making up over 40% of the dry weight of the tissue) and during dehydration these stores are metabolized. It is suggested that these stachyose stores act as carbohydrate reserves for the synthesis of sucrose. However, over 350 mmol g ±1 DW stachyose is metabolized in the roots, which is well in excess of that required for the accumulation of sucrose observed. It is likely that the stachyose reserves in the root system are translocated to other regions of the plant to support carbohydrate metabolism during dehydration of the tissue. During rehydration, the stachyose reserves return to their original level within 96 h. There is no change in the elevated sucrose content of the roots over this period. Thus the roots maintain the protective properties of sucrose much longer than they are needed. The maintenance of high sucrose contents in rehydrating roots is discussed as a possible survival strategy against recurrent desiccation events.
Introduction
The ability of poikilohydric plants, to survive complete dehydration is not exceptional in plant systems. A majority of plants possess stages in their life cycle at which speci®c tissues can survive severe tissue water loss (Scott, 2000) . For instance, during seed maturation the relative water content of the seed can fall to 5% (Dickie and Pritchard, 2002) . Other desiccation-tolerant stages in the life cycle of plants include mature pollen and dormant buds (Folkert and Hoekstra, 2002) . What is remarkable about poikilohydric plants is the ability of mature tissues such as the shoot, stem, and leaves to tolerate dehydration of the tissues and then return as functional units on rehydration (Ingram and Bartels, 1996) . These tissues, like many seeds, have acquired the ability to tolerate tissue water loss and can enter a dormant state.
It is increasingly clear that leaves of poikilohydric plants possess three key mechanisms by which they survive tissue water loss. First, the plants produce proteins called dehydrins and late embryogenesis abundant proteins called LEAs. It has been suggested that these proteins are involved in stabilizing the membranes within the tissues and preventing protein denaturation (Hoekstra et al., 2001 ). However, clear evidence for this role is still lacking. Secondly, plants possess varying levels of protection mechanisms such as antioxidant accumulation to reduce damage to proteins and nucleic acids and chlorophyll removal (Black et al., 2002) . Thirdly, the plants increase expression of genes associated with carbohydrate metabolism. This permits the plant to accumulate large amounts of sucrose. The build-up of this carbohydrate in the tissue has been hypothesized to act in two ways. In interactions with proteins and lipids, sucrose replaces water associations in the molecules and maintains structural integrity (Hoekstra et al., 2001) . Thus the functional properties of the membranes and enzymes are preserved through the dried state. In addition, sucrose forms a glass-like state during drying (Crowe, 2002) . It is important to stress that this state is not crystalline, but is an amorphous solid in which there is severely restricted molecular movement. This again helps to stabilize the cell structure. There is reasonable evidence to support these hypotheses since sucrose per se can be used to protect dried membranes and bacteria (Leslie et al., 1995) . Furthermore, sucrose can be used to maintain the activity of dried enzyme samples (Suzuki et al., 1997) . However, the amount of sucrose accumulated in different species of poikilohydric plants varies greatly. In dicotyledonous species, the amounts of accumulated sucrose in the dehydrated leaf tissues range from 2000 to 150 mmol g ±1 DW (Ghasempour et al., 1998; Scott, 2000) . It is clear from the extent of this accumulation in dicotyledons that sucrose must be playing an important role in the tissues. Indeed, if sucrose is able to function in situ as it does in in vitro experiments, then dicotyledons possess a potent mechanism for the protection of cells during desiccation. However, in dehydrated monocotyledonous poikilohydric plants the amounts of sucrose are much lower at between 65±100 mmol g ±1 DW. Moreover, from some measurements it is not clear that sucrose is in fact accumulating during dehydration in some leaf tissues (Ghasempour et al., 1998) . Thus it may prove that sucrose plays a less important role in monocotyledons. The accumulation of sucrose in the tissues of poikilohydric plants is essential, but it is not the complete story, and there will inevitably be an interaction between the expression of a range of proteins and the sugars to achieve the desiccation-tolerant state.
While there is some understanding of the ability of leaves of poikilohydric plants to survive dehydration, very little work has been done to understand the root systems. It is even unclear whether the root system of a poikilohydric plant can survive dehydration. Since the root system is likely to be the major site of water uptake by the plant reviving from the dehydrated state, the root±soil interface is very important. Hence the objectives of this research were to investigate whether the root system of Craterostigma plantagineum could survive dehydration and what metabolic events occurred in the roots during this process.
Materials and methods
Craterostigma plantagineum (Hochst) plants were obtained from Professor D Bartels, Max Plank Institute for Breeding Research, Cologne, Germany, and Silverhill Seeds, Kenilworth, Cape Town, South Africa. Plants were clonally propagated in tissue culture using the culture medium described by Toldi et al. (2002) . Then plants were removed from culture and grown in compost for at least 2 months prior to use in the experiments. All plants for experimental studies were grown in growth cabinets under a 12/12 h light/dark regime, at 24°C and 19°C, respectively, a PPFD of 300 mmol m ±2 s
±1
and a relative humidity of 50%. In order to study the root system during dehydration, soil-grown plants gently were removed from the soil and were then placed in a Petri dish ®lled with compost with a hole at the top for the plant crown. The root system was clearly visible from one lateral side of the Petri dish. This system was then used for photography, measurements and metabolic analysis. The plants were allowed to desiccate gradually at 50% relative humidity by ceasing watering for dehydration experiments. This took an average of 20 d to dry the plants completely.
Measurement of root dimensions
Root lengths were measured by aligning an inextensible cord with the roots and then taking measurements of the cord with a ruler. The root diameters were measured through photography of the roots from a set distance with a size marker alongside. The photographs were then enlarged and the diameters were determined by scale measurements from the size marker.
Measurement of carbohydrates and enzymes
For the measurement of Glu 6-P, Fru 6-P and 3-PGA, tissue was harvested and immediately frozen in liquid N 2 and ground to a ®ne powder. Then 1.4 M perchloric acid was added to leaf or root material and the mixture was frozen again in liquid N 2 and left on ice for 2 h. The extract was then neutralized with 5 M K 2 CO 3 and the insoluble debris was removed by centrifugation at 10 000 g. Glu 6-P and Fru 6-P were assayed in the extract as described by Michal (1984a) . 3-PGA was measured in the extract as described by Michal (1984b) . Starch, sucrose, glucose, and fructose were extracted and measured as described by Morell and ap Rees (1986) . The reliability of these metabolite assays was con®rmed by performing recovery assays. For these, an amount of each authentic metabolite similar in concentration to that in the Craterostigma tissue was added to the assay. The percentage of standard recovered was calculated from the concentration measured in the presence and absence of leaf extract. For all of the metabolites quoted here the recovery of added substrate was greater than 80%.
For the GC-MS analysis of low molecular weight carbohydrates, leaf or root material was extracted with methanol:chloroform:water (12:5:3, by vol.) for 30 min at 65°C using pentaerythritol as an internal standard. The phases were separated by the addition of 1 ml distilled water. Aliquots of the aqueous phase were de-ionized by ion-exchange and dried. Carbohydrates were converted to trimethylsilyl derivatives and separated by GC or GC-MS as previously described by Peterbauer and Richter (1998) .
The enzymes PFP (EC 2.7.1.90) and PFK (EC 2.7.1.11) were extracted as described by Hajirezaei et al. (1994) . Aldolase (EC 4.1.2.13), glyceraldehyde phosphate dehydrogenase (EC 1.2.1.12), and malate dehydrogenase (EC 1.1.1.60) were extracted and assayed as described by Bergmeyer (1984a, b) . The activities of these enzymes were determined spectrophotometrically as detailed in Hatzfeld and Stitt (1991) .
Results

Structural studies
Craterostigma plants were grown on their sides in Petri dishes in order to observe their response to drought-stress conditions. Photographs of a patch of one of the root systems are shown in Fig. 1A±F . Craterostigma possesses a ®brous root system composed of many primary roots, with secondary and tertiary lateral roots. Figure 1A and B show that there are no apparent structural changes in the root system during drying. Measurements of the lengths and widths of primary and secondary roots were made during drying. There was little shrinkage of the root system during drying (Fig. 2) . On average, the length of the primary and secondary roots shrank by 8.3% and 26%, respectively. This contrasts markedly with the mature leaves which shrank by 75% during dehydration. The compost around the root system shrank by an average of 9%. Although the primary roots exhibited little shrinkage along the axis, the width of the roots was reduced to 32% of their original value. A cross-section of a Craterostigma secondary root reveals large air spaces between the cells in Fig. 1 . Photographs of Craterostigma roots during dehydration and rehydration. Twelve Craterostigma plants were grown in Petri dishes such that their root systems were visible through the side. After 4 weeks the plants were then allowed to dehydrate. Photographs of the root system were taken at the start (A), and after complete dehydration (B). The plants were then left in the desiccated state for 2 weeks and then watered. Photographs were taken 24 h after watering (C), 2 weeks after watering (D), 4 weeks after watering (E), and 8 weeks after watering (F). The photographs show approximately 25% of the root system. The bar shown represents 1 cm. All 12 plants displayed similar features and only one is shown as a representative. the root cortex (Fig. 3) . Sections of primary roots showed a similar structure to the one shown in Fig. 3 . Attempts were made to section dry roots, but no structural features of the root could be recognized.
In Fig. 1C±F the changes occurring in the root system during rehydration are shown. Only the root system was watered and revived very rapidly on rehydration. However, later images reveal that the large numbers of secondary roots darken and senesce within a matter of days. Eight weeks after rehydration many of the primary roots displayed symptoms of senescence and similar assays were shown to contain no detectable aldolase activity (cf. Table 3 ). Thus it was concluded that the Craterostigma root system senesced after rehydration. This senescence coincided with a period when a great deal of new root growth was evident (Fig. 1D±F ).
Carbohydrate analysis
Earlier results established that the primary roots of Craterostigma can survive dehydration, thus experiments were set up to investigate whether the plants accumulate sucrose to protect themselves as did the leaves. The roots contained a large quantity of the raf®nose series oligosaccharide, stachyose, which made up more than 85% of the carbohydrate content of the roots (Table 1) . During drying of the root, the amount of stachyose in the roots fell dramatically from 614 to 259 mmol g ±1 DW. In addition to this, the raf®nose and 2-octulose content of the roots fell. By contrast, fructose, glucose, sucrose, and myo-inositol Roots of Craterostigma were sectioned in a microtome and visualized using light microscopy. This image shows a typical section of the secondary root system. Large air spaces evident in the tissue are marked with an`A'. Carbohydrate content in roots of Craterostigma subjected to drying Root samples were taken from 12 Craterostigma plants in a well-watered state (84.2% RWC), a partially dehydrated state (49.3% RWC) and a dried state (10% RWC). Carbohydrates were extracted from boiled root samples and then the content of extracts was determined using gas chromatography. The measurements are the means taken from four root samples from separate plants TSEM. The total hexose equivalent in the root tissues is calculated from the sum of hexose units and 2-octulose is assumed to be amounts in the roots increased, the greatest increase being that in sucrose content which rose from 36 to 111 mmol g ±1 DW. In order to evaluate changes in the total carbohydrate content of the roots, the hexose equivalent was calculated. These results suggested that, although carbohydrates like sucrose increased in the roots, the total carbohydrate content of the roots fell by over 50%.
Since earlier measurements had shown that the secondary and tertiary roots senesced during the ®rst 24 h after rehydration, the total amount of sucrose accumulating in the different root types was measured. All three root types accumulated sucrose in response to drought stress and there was no signi®cant difference between the amounts accumulated (Fig. 4) . Thus, in terms of carbohydrate, these roots were protected equally.
Measurements of the carbohydrate content in the roots for the ®rst 96 h after rehydration are shown in Table 2 . All of the carbohydrates measured showed a rise in amounts in the roots after watering, except for myo-inositol. The largest rise was in the amounts of stachyose from 259 to 614 mmol g ±1 DW, and fructose which rose from 12 to 240 mmol g ±1 DW. Surprisingly, sucrose content appeared to rise in the roots on rehydration rather than fall. In order to evaluate changes in the total carbohydrate content of the roots the hexose equivalent was again calculated. These results suggest that the carbohydrate content of roots, expressed in hexose equivalents, rose by almost 250% over the ®rst 96 h after watering.
Percentages of the different carbohydrates in the roots from the well-watered state to the dried and subsequently Carbohydrate content in rehydrating roots of Craterostigma subjected to drying Root samples were taken from 160 Craterostigma plants at several time points during rehydration. Carbohydrates were extracted from boiled root samples and then the content of extracts was determined using gas chromatography. The measurements are the means taken from four root samples from separate plants shown TSEM. The total hexose equivalent in the root tissues is calculated from the sum of hexose units and 2-octulose is assumed to be 1.33 hexose units. rehydrated state are shown in Fig. 5 . These data show the falling percentage of stachyose in the roots as they dehydrate and the rise in sucrose content. This is again followed by a rise in the percentage of stachyose in the roots, but the sucrose percentage remains roughly constant. In order to observe some of the alterations in enzyme activities in the roots, measurements were made of selected enzymes associated with glycolysis and the Krebs cycle. These data show that all of the glycolytic enzymes exhibit a rise in activity in response to drought stress. This rise is most marked in the early stages of tissue water loss in the roots. Activity of the Krebs cycle enzyme, malate dehydrogenase, fell during dehydration of the roots.
To investigate what was occurring when the root system darkened in Fig. 1 , measurements of aldolase were made from root samples (Table 3) . Aldolase was chosen since its activity was already being routinely measured (Fig. 6 ) and would give an indication of changes in the metabolic activity of the root tissues. There was little difference between the primary and secondary/tertiary roots in the well-watered plants and desiccated plants. However, on watering the aldolase activity fell rapidly as the roots darkened. Two weeks after watering there was little evidence of the presence of the secondary/tertiary roots. By 8 weeks, only the upper sections of the original primary roots were evident after this period and contained aldolase activity (Fig. 1F) . Fig. 5 . Carbohydrate components expressed as a percentage of the total in roots of Craterostigma during dehydration and rehydration. Samples of roots from 160 plants were taken as plants were dehydrated and rehydrated. Primary roots were all harvested for these measurements. The amounts of different carbohydrates were determined using gas chromatography. The amount of each carbohydrate is shown as a percentage of the total carbohydrate in the tissue. The average of four measurements is shown for each stage of the resurrection cycle.
Discussion
Given that there are dramatic changes in the leaves of Craterostigma during a dehydration/rehydration cycle, it is unsurprising that roots exhibit some similar responses. For the Craterostigma plants grown under these experimental conditions, the root system shows no visible signs of damage during dehydration. The primary roots appear to contract along their axis as the soil substrate in which the plants grow contracts. Thus they should not experience any damage as a result of soil movements. The data presented here suggests that the secondary roots do contract more than the soil and it is possible that this could cause substantial root damage. However, from an inspection of plants undergoing dehydration there was no visible evidence of root damage. The contraction of the secondary roots is only minor compared to the leaves. Desiccated leaves of Craterostigma can shrink to less than 20% of their original length. Upon rehydration of the root system, the secondary/tertiary roots have senesced and are dead by 24 h after watering. The secondary/tertiary roots survive dehydration, but die rapidly after watering. The primary roots were still alive and functional since they contained functional enzyme activity and the roots must provide the water¯ow for the rehydration of the aerial tissues. There have been some measurements performed on roots of the aquatic resurrection plant Chamaegigas intrepidus. In this species both the root length and diameter show evidence of limited shrinkage (around 15% for both) (Heilmeier and Hartung, 2001; Heilmeier et al., 2002) . However, no metabolic measurements have been made with these plants.
During the course of this work it was determined that an average mature Craterostigma plant has approximately 20 primary roots and over 100 secondary roots, but in terms of mass, the primary roots make up over 70% of the root system. Thus although the secondary/tertiary roots are dead within 24 h after rehydration, the majority of the root system survives. Since the root system encounters the water ®rst in this experimental system, the rehydration of the tissue occurs within matter of hours (data not shown). This is necessary for the root system to be effective for delivering water to the aerial tissues. A striking of feature of many of Craterostigma's primary roots is an orange/red colouration, particularly in the oldest roots. This colouration is not always present on the plants and does not correlate with the ability of the root system to survive dehydration.
There is good evidence that the accumulation of sucrose is crucial for the survival of dehydration. From these measurements it is clear that the different root types accumulate approximately the same amounts of sucrose in the tissue. Thus it is not clear why certain areas of the secondary/tertiary roots do not survive for long after rehydration. The secondary roots could have a similar function to the oldest leaves on the plant (Norwood et al., 1999) . The oldest leaves die during dehydration of a Craterostigma plant and there is good evidence that the carbohydrates within the oldest leaves are mobilized to other tissues. However, the presence of large concentration of sucrose within desiccated primary, secondary and tertiary roots strongly suggests that the plant has not drained these roots of carbohydrate reserves. By 2 weeks after rehydration of Craterostigma plants, data from this study reveal that the plants initiate the growth of a new root system. By 8 weeks after watering it was evident that large sections of the primary root system had started to senesce, thus the plant effectively replaces the root system. Why the plant goes to these lengths is not clear from the data obtained here and further work is required to discover why the old root system no longer ful®ls the requirements of the aerial tissues.
Previous data by Schwall et al. (1995) suggested that sucrose may accumulate in roots of poikilohydric plants, but data to support this conclusion were very variable. The work reported here establishes that in Craterostigma sucrose accumulation does occur in roots. The actual total amount accumulated varied between 111 to 310 mmol g ±1 DW. These ®gures are very similar to the amounts of sucrose accumulated in the leaves of a range of dicotyledonous poikilohydric plants (Ghasempour et al., 1998; Scott, 2000) . The most likely source for the accumulation of this sucrose in the roots is the large store of raf®nose series oligosaccharides, namely stachyose. The reserves of stachyose decline in the roots as sucrose accumulates. However, the relationship is complex in the root system. First, the data presented here suggest that the reserves of stachyose in the roots are the highest recorded in a plant tissue, making up over 40% of the dry weight of the tissue. In earlier work it was suggested that Craterostigma transports stachyose in the phloem tissue (Norwood et al., 2000) , but in the roots stachyose must be stored as a carbohydrate reserve. Secondly, although the amounts of sucrose increase as stachyose declines, the loss of carbon from stachyose considerably exceeds that appearing in sucrose. As the total carbohydrate content of the root system drops by over 50% during dehydration it is highly likely that the carbohydrate is mobilized to other tissues in the plant to support sucrose accumulation and metabolism elsewhere. The most likely fate for the mobilized carbohydrate is that it is translocated to the growing crown of the plant. This area of the plant is the most crucial to maintain during desiccation since it is from this meristem that new leaves and¯owers will be generated. Since this area is not autotrophic it will require other areas of the plant to produce the carbohydrate necessary for its survival. The lost carbohydrate rapidly returns to the roots on rehydration and more than 50% is back in the root system by 5 h after watering and it has all reappeared by 96 h. The leaves will not be photosynthetically active before 24 h after watering (Hartung et al., 1998) , hence the source of this carbohydrate has to be stored elsewhere in the plant other than the root system. It is possible that the senescence of the secondary/ tertiary roots may contribute to the restoration of stachyose levels.
Most of the sucrose accumulated in roots during the fall in RWC from 84% to 49% (Table 1 ). The sucrose level actually fell as the RWC was further reduced. The accumulation of sucrose correlated with a fall in stachyose levels in the roots. This early accumulation of sucrose would suggest that the root system is prepared for dehydration very rapidly before severe desiccation is evident.
Stachyose has been proposed to play a role in the acquisition of desiccation tolerance in some seeds (Koster and Leopold, 1988) . During the development and maturation of seeds of some species stachyose levels rise as water is lost from the seed (Saravitz et al., 1987) . The accumulation of stachyose is thought to play a role, in conjunction with sucrose, in vitri®cation of the cytoplasm in the seed (Leopold et al., 1992) . The presence of large quantities of stachyose in the roots of Craterostigma could contribute to the desiccation tolerance of the roots, but the amounts of stachyose are well in excess of that observed in any mature seeds.
The sucrose content in the roots of Craterostigma does not fall in the ®rst 96 h after watering. The measurements showed that the sucrose content remained between 111 to 234 mmol g ±1 DW over this time period. The maintenance of this high sucrose concentration in the tissue is likely to be a survival strategy against premature rehydration of the tissues. By keeping the sucrose amounts high, the roots could respond rapidly to drought stress and thus survive repeated stresses. The availability of water in Craterostigma's native habitat is very unpredictable and the plant maintaining high sucrose amounts after rehydration could make the difference between life and death. There have been few studies investigating the carbohydrate content of leaves during rehydration, but available data in Craterostigma (Ingram and Bartels, 1996) , and Ramonda and Haberlea (Mu Èller et al., 1997) suggest that the sucrose is metabolized rapidly. Thus leaves do not appear to maintain high sucrose levels after rehydration.
Changes in enzyme activity during dehydration are consistent with a large rise in the activity of enzymes involved in the conversion of carbohydrates reserves to sucrose. Thus all of the enzymes which could be involved in gluconeogenesis (aldolase and GAPDH) exhibit large rises in activity during dehydration of the roots. Enzymes primarily involved in glycolysis and in the Krebs cycle showed only a small rise in activity (PFP, PFK and malate dehydrogenase). This suggests that there is little requirement for increased respiration during the preparation for survival of desiccation.
This work indicates the importance of sucrose accumulation in the roots of the poikilohydric plant Craterostigma. However, accumulation of sucrose in tissues is just one of several adaptations that poikilohydric plants possess in order to survive dehydration (Black et al., 2002) . The experimental design here will not completely mimic the natural conditions under which Craterostigma normally grows in Africa. However, the plants grow normally under these conditions and reliably display poikilohydry, and this has proved an excellent set-up under which the physiology can be studied.
Conclusion
The root system of Craterostigma acts as a large carbohydrate store for stachyose. This stachyose appears to act as 2-octulose reserves do in the leaves, and it is mobilized during drought stress to enable sucrose accumulation in the roots. However, these reserves are also used in other regions of the plant yet to be identi®ed. Despite the root system being well protected in terms of carbohydrate accumulation, it must sustain considerable damage through the process and thus the plant initiates the production of a new root system within weeks of rehydration from a desiccated state.
